High-grade gliomas, especially grade IV glioma (glioblastoma [GBM]), are intractable; the estimated 5-year survival rate of patients suffering from GBM is 5.5%, and the median survival after recurrence is only 5-7 months. 19 Current glioma therapies mainly comprise surgical resection and radiation combined with temozolomide.
resistance to chemotherapy and the lack of efficient therapeutic drugs. Genome sequencing of GBM identified several grouping and prognostic factors, such as 1p/19q codeletion and isocitrate dehydrogenase 1/2 (IDH1/2), which are associated with patient survival and sensitivity to chemotherapy. 3, 5, 13 Further investigations of the correlation between molecular changes and disease progression are required to develop new therapeutic targets for improvement of glioma treatment.
Insulin-like growth factor binding protein-3 (IGFBP3) is a member of the insulin-like growth factor (IGF) binding protein family. 1 It was first identified as a binding partner of IGFs for stabilizing the IGFs in blood and an inhibitor of IGF-1 receptor (IGF1R) signaling by blocking IGF binding to receptors in tissues. 2 Overexpression of IGFBP3 is found in renal clear cell carcinomas, 23 head and neck squamous cancers, 15 pancreatic ductal adenocarcinomas, 29 and aggressive breast cancers, 17 and its expression is associated with poor patient outcome. IGFBP3 functions as a tumor promoter by enhancing cell growth through increasing sphingosine kinase-1 (SphK1) expression and sphingosine-1 phosphate (S1P) formation, which transactivates epidermal growth factor receptor (EGFR) or IGF1R signaling pathways. 17 Although aberrant IGFBP3 expression is common among cancers and a great effort has been made to elucidate its function, its role in cancer progression is intricate and requires further study.
IGFBP3 expression dysregulation has also been observed in GBM; however, its contribution to glioma progression is not well understood. 22 In the present study, IGFBP3 knockdown suppressed tumor growth by inducing DNA double-strand break (DSB) accumulation and apoptosis in glioma cells. Also, delayed cell growth was observed in mouse subcutaneous xenografts from IGFBP3 knockdown cells. The treatment efficacy of IGFBP3 knockdown on brain tumor was demonstrated by intracranial infusion of IGFBP3 siRNAs, which significantly prolonged the survival of brain-tumor-bearing mice. Our findings suggest that IGFBP3 regulates cell proliferation and tumor growth and is a potential therapeutic target in treating glioma.
Methods

Patients and Tissue Samples
Tissue samples were collected from 193 patients newly diagnosed with glioma, who received treatment at the Linkou Chang Gung Memorial Hospital, Taiwan, between February 2004 and December 2015. Patient sample collection and usage were approved by the Chang Gung Medical Foundation Institutional Review Board (107-0014C1 and 104-9960B); written consent was obtained from patients prior to sample collection. Tumor pathology was determined based on examination of H&E-stained sections under a light microscope and the presence of 1p/19q codeletion. Details of tissue collection and patient information are listed in the Supplementary Information.
cDNA Synthesis and Quantitative Polymerase Chain Reaction
Total RNA was collected using TRIzol reagent (Invitrogen) and extracted using an miRNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. Cell line cDNA was synthesized using SuperScript III FirstStrand Synthesis SuperMix (Invitrogen), whereas tissue RNA was converted to cDNA using a High-Capacity RNA-to-cDNA kit (Applied Biosystems). Gene expression was quantified using TaqMan gene expression assays (IGFBP3: Hs00365742_g1and ACTB: Hs99999903_m1; Applied Biosystems) or LightCycler 480 SYBR Green I Master assays (Roche) using the LightCycler 480 Instrument II (Roche).
Immunohistochemical Analysis
Tissue sections were deparaffinized in xylene and rehydrated in a series of diluted alcohols. Tissue slides were then immersed in boiled Epitope Retrieval Solution pH 6 (Novocastra) for 10 minutes. Immunohistochemical staining was performed using the UltraVision Quanto Detection System HRP DAB (Thermo Fisher) according to the manufacturer's protocol. Sections were incubated with a rabbit polyclonal anti-IGFBP3 antibody (sc-9028, Santa Cruz) or a mouse monoclonal anti-CD31 antibody (ab28364, abcam) at 1:100 in 1% bovine serum albumin (BSA)/phosphate-buffered saline (PBS) at room temperature for 1 hour. All sections were counterstained with hematoxylin (Sigma) and mounted with mounting medium. The anti-IGFBP3 antibody was replaced by a control rabbit polycloncal IgG in the negative control staining. IGFBP3 expression was categorized into 4 groups (+0, +1, +2, and +3) according to the expression percentage and intensity in glioma tumor cells. The blood vessel number and area were counted and measured using ImageJ 1.48v (National Institutes of Health).
IDH1/2 Mutation Detection
Tumor DNA was extracted and subjected to polymerase chain reaction (PCR) for amplification of a 481-base-pair (bp) fragment containing IDH1 codon 132 and a 290-bp fragment containing IDH2 codon 172. PCR products were then sequenced to determine their IDH1/2 status. Further details are listed in the Supplementary Information.
Cell Culture
U-87 MG, U-118 MG, A172, and LN229 cell lines were purchased from the American Type Culture Collection and maintained in DMEM (Gibco). DBTRG-05MG cells were purchased from the Bioresource Collection and Research Center (Hsinchu, Taiwan) and maintained in RPMI 1640 (Gibco). U-87 MG/Luc cells were kindly provided by the Brain Tumor Center (University of California, San Francisco, CA) and maintained in DMEM with 1× non-essential amino acid (NEAA) solution (Gibco). GBM primary cells (WK-802, WK-909, WK-935, and WK-958) were derived from fresh tumor tissues of patients with GBM who underwent brain tumor surgery at the Linkou Chang Gung Memorial Hospital, Taiwan, and were cultured in DMEM-F12 (Gibco). The growth medium contained 10% fetal bovine serum (FBS) (Gibco), 100 IU/ml penicillin, and 100 mg/ml streptomycin (Gibco), and cells were cultured in a humidified tissue culture incubator at 37°C and 5% CO 2 atmosphere. Information regarding cell authentication and Mycoplasma detection is listed in the Supplementary Information.
Knockdown of IGFBP3 in Glioma Cells
IGFBP3 shRNAs (shIBP3-1: TRCN0000286844; shIBP3-2: TRCN0000286764) or a control vector (shCtrl: pLKO_TRC025) was delivered into cells using a lentivirus-based infection system. Packaged lentiviruses were purchased from the National RNAi Core Facility at Academia Sinica in Taiwan. Infected cells were selected using puromycin for 3 days before further analysis. Stealth siRNAs against IGFBP3 (siIBP3-1: HSS105267; siIBP3-2: HSS179813) and nontargeting control siRNA (siCtrl) were purchased from Invitrogen. U-87 MG/Luc cells were transfected with siRNAs using Lipofectamine RNAiMAX (Invitrogen) at a final concentration of 10 nM for 48 hours prior to experiments.
Antibodies
Antibodies against IGFBP3 (sc-9028) and b-actin (sc-47778) were purchased from Santa Cruz Biotechnology. Anti-caspase-3, anti-poly (ADP-ribose) polymerase (anti-PARP), and anti-gH2AX antibodies were purchased from Cell Signaling Technology.
Trypan Blue Exclusion Assay
Cells were seeded in 24-well plates in triplicate at a density of 8000 cells/well. Viable cells were analyzed using trypan blue exclusion assay on days 2 and 4.
In Vivo Subcutaneous Tumor Growth
Five-week-old male NOD-SCID mice (BioLASCO, Taiwan) with body weights ranging from 23 to 26 g were subcutaneously injected with 100 ml Matrigel (Corning) containing 5 × 10 6 tumor cells. Tumor sizes and the weights of the mice were measured twice a week. Mice were euthanized 24 and 28 days after U-87 MG and U-118 MG implantation, respectively, and tumors were excised for further analysis. Animal experiments were approved by the Institutional Animal Care and Use Committee of Chang Gung University (CGU15-180).
Cell Cycle Analysis
Cells were serum starved for 24 hours; the medium was replaced with growth medium for 12 and 24 hours. Cells were collected for DNA staining using propidium iodide (PI), and DNA content was analyzed by using a BD FACS Calibur Flow Cytometry System (BD Biosciences) and ModFit LT 4.1 software (Verity Software House).
Cell Apoptosis Detection
Cells were serum starved as previously described in Cell Cycle Analysis and then freshly collected and stained for early apoptosis markers using a fluorescein isothiocyanate (FITC) annexin V apoptosis detection kit (BD Biosciences) according to the manufacturer's instructions. Annexin V and PI staining were measured using a flow cytometer and analyzed using FlowJo v7.6. For late apoptosis detection, whole-cell lysates were collected and the levels of cleaved caspase-3 and cleaved PARP protein were determined by Western blot (WB).
Comet Assay
Intracellular DNA damage was measured using the Comet Assay Kit (Trevigen) according to the manufacturer's instructions. Single-cell gel electrophoresis was performed using alkaline electrophoresis solution for detecting single-/double-strand DNA breaks. DNA was stained with 4' ,6-diamidino-2-phenylindole (DAPI) and images were taken using a fluorescence microscope (Leica DM2500). DNA damage was assessed using CASPLab 1.2.2 and presented as average tail moments from at least 200 cells per group.
Effects of IGFBP3 siRNA on In Vivo Mouse Xenograft Models
Five-week-old male nude mice (BioLASCO) were intracranially injected with 5 × 10 5 U-87 MG/Luc cells in 5 ml of growth medium. The tumor cell injection was performed at the position 0.5 mm to the right of the bregma, 2.5 mm posterior to the bregma, and 4 mm below the skull surface. Control or IGFBP3 siRNAs of 1.5 mg/mouse were mixed with in vivo jetPEI transfection reagent (Polyplustransfection) according to the manufacturer's instruction and infused into tumors using the convection-enhanced delivery (CED) method. Briefly, mice were anesthetized with inhalational anesthetic isoflurane (Forane, AbbVie Limited) and placed on a mouse stereotaxic instrument with continuous supplement of isoflurane. CED procedures were performed with a UMP3 microinjection system (UMC4 pump controller and UMP3 pump, World Precision Instruments) and a 100-ml NANOFIL-100 syringe (World Precision Instruments) with a 26G needle at an infusion rate of 1 ml/min. After infusion of 5 ml siRNA and in vivo jetPEI mixture, the cannula was left in the tissue for 10 minutes to prevent reflux. The weights of the mice and tumor sizes, determined by the Xenogen IVIS 100 In Vivo Imaging System, were measured twice a week. Mice were euthanized when they lost 20% weight or became weak and unable to perform normal living functions. The brains of mice were excised for further analyses.
Statistical Analysis
Measurements were repeated at least 3 times; data are presented as mean ± standard deviation unless otherwise described. All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software Inc.). One-or twoway ANOVA with Bonferroni or Dunnett's posttest was used to compare differences between the experimental groups. Fisher's exact test and Pearson's chi-square test were used to assess the correlation between pairs of categorical variables. Survival probabilities were estimated using the Kaplan-Meier method; the differences between groups were analyzed using log-rank tests. Each factor possibly affecting patient survival was further analyzed by univariate and multivariate Cox proportional hazard model. All statistical tests were two-tailed; p < 0.05 was considered statistically significant.
Results
IGFBP3 Expression and Correlation With Glioma Clinicopathological Factors
We examined IGFBP3 RNA and protein expression in newly diagnosed gliomas using quantitative PCR and immunohistochemical analysis, respectively. GBMs had the highest IGFBP3 RNA expression among gliomas, and the expression was significantly higher in GBM than in tumor margin and grade II tumor tissue samples (Fig. 1A) . Similar results were observed for IGFBP3 protein expression in different grades of glioma tissues (Fig. 1B and C) . For analyzing the correlation between IGFBP3 expression and glioma clinicopathological factors, the median IGFBP3 expression level was used as a cut point for categorizing the glioma patients into "IGFBP3 low" and "IGFBP3 high" groups. Our results showed that IGFBP3 RNA expression was positively correlated with glioma grade and associated with histology and IDH1/2 mutation (Table 1) . No significant correlation was observed between IGFBP3 RNA expression and age, sex, tumor laterality, or extent of resection. A lower IGFBP3 expression was observed in IDH1/2 mutated tumors compared with wild type tumors (p < 0.0001; Fig. 1D ). Among different histological types, the highest IGFBP3 expression was observed in GBM (Fig.  1E ). The expression difference of IGFBP3 between astrocytoma and oligodendroglioma was not significant, probably due to the small sample size. When we separated the grade II/III tumors into the IGFBP3 low and the IGFBP3 high groups, a significant difference of IGFBP3 expression was observed between astrocytoma and oligodendroglioma specimens (chi-square test, p = 0.0149; Supplementary Table S1 ). GBM can be further classified into 4 subgroups derived from distinct neural cell types. 25 By analyzing the GBM RNA profiles from The Cancer Genome Atlas (TCGA) database, 25 we found that GBM IGFBP3 expression was lower in oligodendroglial lineage tumors, including the neural and proneural GBM subgroups, than in the GBM tumors from the astroglial lineage that is the mesenchymal subgroup (Fig. 1F) . These data support the association between IGFBP3 RNA expression and glioma histology. Overall, our results are consistent with those of previous reports stating that IGFBP3 is upregulated in GBM, further suggesting that IGFBP3 expression is associated with glioma grade, histology, and IDH1/2 mutations.
Higher IGFBP3 RNA Expression Correlated to Shorter Overall Survival in Glioma
Correlation of IGFBP3 RNA expression and overall survival of newly diagnosed glioma patients was analyzed using our patient cohort and the Repository of Molecular Brain Neoplasia Data (REMBRANDT) database. 8 Newly diagnosed glioma patients with high IGFBP3 expression levels had shorter overall survival than patients with low IGFBP3 expression levels (n = 132, log-rank, p = 0.0126; Fig. 2A) . Similar results were observed in a patient cohort from the REMBRANDT database (n = 329, log-rank, p < 0.0001; Fig. 2B ). However, the overall survival was not significantly different between the IGFBP3 high and IGFBP3 low patients with newly diagnosed GBM in our patient cohort (log-rank, p = 0.5842; Fig. 2C ), though minor differences were observed in patients from the REM-BRANDT and TCGA GBM databases ( Supplementary  Fig. 1) . Furthermore, univariate analysis showed that, in addition to IGFBP3 expression, patient age at diagnosis, glioma grade, and IDH1/2 mutation correlated with overall survival, whereas with the use of multivariate analysis, only tumor grade was an independent predictor of patient survival ( Table 2 ). In the TCGA GBM dataset, higher IGFBP3 expression correlated with shorter overall survival in the proneural GBM subgroup (log-rank, p = 0.0045; Fig. 2D ) but not in other 3 subgroups.
IGFBP3 Knockdown Suppressed Cell Growth and Induced G 2 /M Cell Cycle Arrest in Glioma Cells
To evaluate the effect of IGFBP3 expression on cell growth, we depleted IGFBP3 expression in glioma cells using IGFBP3 shRNA and analyzed cell proliferation and cell cycle progression. IGFBP3 was differentially expressed in 5 glioma cell lines and 4 GBM primary cells (Fig. 3A) . U-87 MG and U-118 MG cells showed higher IGFBP3 expression and were selected for further investigation into IGFBP3 function. WBs were performed to validate the knockdown efficiency of the IGFBP3 shRNAs (Fig. 3B) . Morphology of IGFBP3 knockdown cells was larger and more flatten than that of control cells (Fig. 3C) . IGFBP3 knockdown suppressed cell proliferation, as determined by trypan blue exclusion assays (Fig. 3D) . The growth-suppressing effects of IGFBP3 knockdown were also observed in other glioma cell lines and primary cells (Supplementary Fig. 2 ). Cell cycle analysis with flow cytometry and PI showed that around 80% of control cells were in the G 0 /G 1 phase, whereas the number of cells in the G 2 /M phase was 3 times greater in the IGFBP3 knockdown group than in the control group (Fig. 3E and F) . Additionally, the results of BrdU pulse labeling showed a significant increase in the G 2 /M phase and a decrease in the S phase in the IGFBP3 knockdown group ( Supplementary  Fig. 3 ). These data suggested that IGFBP3 knockdown significantly reduced cell growth and induced cell cycle arrest in glioma cells.
IGFBP3 Knockdown Induced Apoptosis and Accumulation of DNA Damage in Glioma Cells
In addition to the cell cycle arrest at the G 2 /M phase, we observed an increase in cell apoptosis in IGFBP3 knockdown cells. The percentage of apoptotic (annexin V+/PI-) and dead (annexin V+/PI+) cells was increased 2-fold in the IGFBP3 knockdown group (Fig. 4A) . The expression of late apoptosis indicators, cleaved caspase-3 and cleaved PARP, was also increased in IGFBP3 knockdown cells (Fig. 4B) . As cell cycle arrest at the G 2 /M phase followed by cell apoptosis and death is a general phenomenon of cells in response to DNA damage, 27, 31 we next examined whether IGFBP3 knockdown induced DNA damage in glioma cells. The alkaline comet assay showed higher tail moments in IGFBP3 knockdown cells than in control cells (Fig. 4C) . The number of gH2AX foci, a DSB marker, also increased in IGFBP3 knockdown cells (Fig. 4D) . Taken together, our results indicated that IGFBP3 knockdown induced cell apoptosis and the accumulation of DSB and gH2AX, which may have resulted in the death of glioma cells.
IGFBP3 Knockdown Suppressed Tumor Growth in Mouse Subcutaneous Xenograft Models
To evaluate the effect of IGFBP3 knockdown on in vivo cell growth, mouse subcutaneous xenograft models were performed using IGFBP3 knockdown or control cells. In the in vivo mouse subcutaneous models, IGFBP3 knockdown glioma cells showed delayed tumor growth (U-87 MG, Fig. 5A ; U-118 MG, Fig. 5C ) and decreased tumor weight (U-87 MG, Fig. 5B ; U-118 MG, Fig. 5D ), except for U-87 MG/shIBP3-2. Blood vessels in tumors were stained by an antibody against mouse CD31 and the number and coverage of blood vessels were calculated (Fig. 5E ). IGFBP3 knockdown reduced the blood vessel coverage area in mouse subcutaneous xenografts of U-87 MG and U-118 MG (Fig. 5F ), whereas the blood vessel number was decreased only in tumors derived from IGFBP3 knockdown U-118 MG cells compared with control cells (Fig.  5G) . These findings indicated that IGFBP3 knockdown in glioma cells significantly suppressed in vivo cell growth and tumor formation.
IGFBP3 Depletion Suppresses Tumor Growth and Prolongs Survival in Mouse Intracranial Xenograft Models
To test whether depletion of IGFBP3 could be a potential therapy for gliomas, two different IGFBP3 siRNAs were infused into mouse intracranial tumors generated using U-87 MG/Luc. Both siRNAs could efficiently suppress in vitro cell growth of U-87 MG/Luc (Fig. 6A) . Five days after the implantation of U-87 MG/Luc, IGFBP3 or scramble control siRNA (siCtrl) was packaged and infused into mouse intracranial tumors using CED (Fig. 6B) . Infusion of two different IGFBP3 siRNAs (siIBP3-1 and siIBP3-2) delayed tumor growth in the brains of the mice and the tumors were smaller in IGFBP3 siRNA-treated mice compared with control mice at day 25 after implantation ( Fig.  6C) . Compared with day 4, by day 25, tumor volumes increased 23-fold, 10-fold, and 2-fold in siCtrl-, siIBP3-1-, and siIBP3-2-infused mice, respectively ( Fig. 6D and E) . IGFBP3 siRNA-treated mice showed better overall survival compared with siCtrl-treated mice (p = 0.0259, logrank test), and the median survival of siCtrl-, siIBP3-1-, and siIBP3-2-treated mice was 25, 32, and 35 days, respectively (Fig. 6F) . These results indicated that IGFBP3 siRNA could significantly suppress tumor growth and prolong survival in mouse intracranial xenograft models.
Discussion
As tumor categorization of glioma has long been con- sidered important but difficult and the current treatments fail to control the progression of high-grade gliomas, 26 identification of specific grouping markers and new drug targets will facilitate precision medicine and improve the treatment outcome of fetal GBM. 10 Previous reports have shown that IGFBP3 is a multifunctional protein abundant in brain tumors; its expression is more upregulated in GBM than in low-grade gliomas and normal brains. 22 Here we confirmed that IGFBP3 expression was upregulated in gliomas and further demonstrated a correlation between IGFBP3 and tumor grade, histology, and IDH1/2 mutations. Also, IGFBP3 has been known to regulate cell proliferation, differentiation, apoptosis, and angiogenesis in many cancers. 2 We showed in glioma that IGFBP3 depletion suppresses tumor growth by inducing DSB accumulation and apoptosis and prolongs survival in braintumor-bearing mice. Our findings suggest that IGFBP3 expression is essential for glioma progression; therefore, depleting IGFBP3 expression represents a potential strategy for treating GBM.
In this study, we identified IGFBP3 as a grade-dependent prognostic factor that is up-regulated in glioma, with differential expression according to tumor histology and IDH1/2 status. We found that tumors derived from oligodendroglial cells including GBM proneural subgroups express lower levels of IGFBP3. Oligodendroglioma is characterized by carrying the 1p/19q codeletion concurrent with the IDH1 mutation, 20 and most GBMs bearing the IDH1 mutation are grouped into the proneural subgroup. 25 Our results are consistent with previous reports and further suggest that lower IGFBP3 expression is strongly correlated to oligodendroglial tumor phenotypes as well as IDH1/2 mutations. To actually define the clinical relevance of IGFBP3 in glioma, more effort must be made to confirm the relationship between IGFBP3 expression and current prognostic factors.
Although correlation of IGFBP3 expression to shorter overall survival in glioma patients suggests IGFBP3 as a prognostic factor in glioma, our results indicate tumor grade as the only independent prognostic factor in glioma. 
IGFBP3
RNA expression levels may not be an optimal prognostic factor in GBM due to the minimally insignificant differences between IGFBP3 expression groups and high variation among different patient sources. Albeit with small sample sizes, lower IGFBP3 expression correlated with better overall survival of patients with proneural GBM, which is the subgroup most intractable to current therapy due to its lack of response to chemotherapy or radiotherapy. 25 Together, these findings suggest that the heterogeneous nature of GBM may have contributed toward the nonsignificant correlation of IGFBP3 expression with GBM patient survival. Further studies with larger sample sizes are required to further understand the clinical relevance of IGFBP3 expression in GBM.
IGFBP3 has multiple biological roles; this is implied by its distribution in multiple cellular compartments and interactions with various molecules, which in turn result in conflicting effects on cell growth among cancers. 1, 30 IGFBP3 has often been considered as a tumor suppressor that induces apoptosis via IGF-I-dependent and -independent signaling pathways. 14, 28 However, IGFBP3 can promote tumor growth by potentiating IGF-I-dependent 118 MG) days. E-G: Effect of IGFBP3 knockdown on blood vessels in mouse subcutaneous xenograft models. Representative images (E) of blood vessels stained with an antibody against mouse CD31 in mouse subcutaneous tumors. The average blood vessel area (F) and number (G) were measured using ImageJ. *p < 0.05; **p < 0.01; ***p < 0.001.
proliferation and increasing S1P formation that transactivates other signaling pathways. 6, 16 Furthermore, IGFBP3 expression may sustain cell proliferation by enhancing IGF-I-induced DNA synthesis.
11 IGFBP3 can also stimulate breast cancer cell survival under glucose starvation and promote esophageal cancer growth by suppressing oxidative stress. 7, 18 A previous study showed that IGFBP3 knockdown impaired the proliferation capability of U-251 MG glioma cells in vitro. 24 Here, we performed IGFBP3 knockdown by expressing IGFBP3 siRNAs in five glioma cell lines and four GBM primary cell lines and confirmed a growth-suppressing effect of IGFBP3 depletion in vitro; we further suggested a tumor-growth suppression effect of IGFBP3 siRNAs in in vivo intracranial xenograft mouse models. Our findings demonstrate that depleting IGFBP3 expression by IGFBP3 siRNA is a novel and promising targeted therapy in treating GBM patients.
By measuring DSBs in nuclei using gH2AX staining and comet assays, we demonstrated that IGFBP3 depletion induced DSB accumulation that results in growth arrest and apoptosis in tumor cells. Previous research has focused on the effects of IGFBP3 on stimuli-induced DNA damage but the results are conflicting. Overexpression of IGFBP3 increased apoptosis and radiosensitivity to ionizing radiation in breast cancer cells, 4 and intracranially injected IGFBP3 suppressed tumor growth and sensitized tumors to doxorubicin in prostate cancer. 9 On the contrary, IGFBP3 cotranslocates with EGFR to the nucleus and forms a complex with DNA-dependent protein kinase catalytic subunit (DNA-PKcs) in response to DSB-inducing chemotherapeutic agents. Therefore, IGFBP3 knockdown suppresses DNA repair activity. 12 In our study, DNA DSBs were induced by depleting IGFBP3 expression, but the underlying molecular mechanisms are still unrevealed. One possible way is through controlling the formation of DNAPKcs-EGFR complex as previously reported, 12 while other signaling molecules might also contribute to the regulation of DNA damage. Because it is a potential therapy in treating GBM, more effort must be made to clarify the underlying mechanisms of IGFBP3 depletion in DNA repair deficiency.
Overall, we report that IGFBP3 depletion suppresses tumor growth in vitro and in vivo by inducing DSB accumulation and cell apoptosis. Targeting IGFBP3 in vivo using IGFBP3 siRNA significantly prolonged the survival of brain-tumor-bearing mice. Thus, IGFBP3 expression modulation represents a potential GBM treatment by controlling tumor growth.
Conclusions
High-grade gliomas have long been considered untreatable and have little response to current therapies. Therefore, developing new therapies and increasing understanding of the tumor molecular pathogenesis are imperative. Previous studies have suggested IGFBP3 as a prognostic factor predicts poor outcome in GBM. We confirmed IGFBP3 is upregulated in glioma and further correlated its expression with tumor histology and IDH1/2 mutations. Furthermore, we found that knockdown of IGFBP3 directly induced DNA DBSs and cell apoptosis, which resulted in suppression of tumor growth. In vivo treatment of intracranial tumors with IGFBP3 siRNAs successfully suppressed tumor growth and prolonged mouse survival. Here, we propose IGFBP3 depletion as a potential therapy for treating glioma through induction of DNA damage and apoptosis.
